Previous analysis of ric-8(md303) and ric-8(md1909) interaction of GoLoco proteins with G␣·GDP may funcmutant embryos indicated that the first division is untion at a subsequent step in the activation cycle. It is equal as in wild-type, although anaphase transverse osalso not known whether other components may regulate cillations are dampened and the posterior spindle pole GOA-1 and GPA-16 signaling during asymmetric didoes not flatten . Because ricvision.
8(md303) and ric-8(md1909) do not appear to be null RIC-8 may be such a component. ric-8 was identified
alleles , we further compromised ricduring a screen for genes that facilitate synaptic trans-8 function using RNAi in ric-8(md303) and ric-8(md1909) mission in C. elegans and acts upstream or in conjuncmutants. Using spindle elongation as an indirect meation with the G␣ q EGL-30 in the nervous system (Miller sure of phenotypic severity, we found that one-cell stage et al., 2000). In addition to locomotion defects, ric-8 embryos derived from ric-8(md1909) mutant animals mutants exhibit a maternal effect genetic interaction subjected to RNAi are the most severely affected (Supwith goa-1 that results in embryonic lethality among the plemental Table S1 on the Cell website). progeny of goa-1/ϩ; ric-8/ric-8 animals (Miller and Rand, In ric-8(md1909ϩRNAi) embryos ( Figure 1D ; Supple-2000). Asymmetric spindle elongation in one-cell stage mental Movie S2 online), the initial sequence of events ric-8 mutant embryos is less robust than in the wildis indistinguishable from that of wild-type ( Figure 1D , top type, even though the ensuing first division is still unpanel). However, during anaphase, the posterior spindle equal . These observations raise pole is displaced only slightly toward the posterior (Figthe possibility that RIC-8 positively regulates G␣ activity ure 1D, middle panel; Figures 1E and 1F) . Moreover, in the early embryo. However, the underlying mechatransverse oscillations are absent and the posterior nisms and whether RIC-8 is needed for both GOA-1-spindle pole does not flatten. The almost symmetric and GPA-16-mediated activity are not known. spindle position dictates a nearly equal first cleavage RIC-8 is an evolutionarily conserved protein (Miller et ( Figure 1D , bottom panel). In occasional embryos, posal., 2000). Rat Ric-8A is a GEF for several G␣ subunits, terior displacement is entirely absent and the first diviincluding G␣ q , G␣ i1 , and G␣ o (Tall et al., 2003) . Whereas sion is equal (Supplemental Table S1 online). Therefore, rat Ric-8A associates preferentially with free G␣·GDP to ric-8 is required for proper asymmetric division of onecatalyze the formation of G␣·GTP, it cannot exchange cell stage C. elegans embryos, with the slight asymmetry nucleotide of G␣ within the heterotrimeric G protein remaining in most embryos perhaps reflecting residual complex (G␣·GDP/G␤␥) (Tall et al., 2003) . The mecharic-8 function. nism by which RIC-8 proteins participate in G protein signaling in vivo remains to be elucidated.
RIC-8 Distribution Here, we demonstrate that RIC-8 is required for Previous immunofluorescence analysis in neurons indi-GOA-1-and GPA-16-dependent force generation in cated that RIC-8 subcellular distribution is strictly cytoone-cell stage C. elegans embryos. Our combined bioplasmic . We found that the bulk of chemical, cellular, and genetic analyses indicate that the signal is also cytoplasmic in one-cell stage embryos, RIC-8 acts as a GEF toward G␣, prior to its association with a slight enrichment in the vicinity of microtubule with GPR-1/2. asters (Figure 2A, arrowhead) . In addition, some signal We also demonstrate that G␤␥ inactivation alleviates is present at the cell cortex ( Table S2. 2C). RIC-8 antibodies also decorate the nuclear periphearly embryos is cytoplasmic, although a fraction of the protein is found at the cell cortex. ery ( Figure 2B ), but this signal does not appear specific because it is still present in ric-8(RNAi) embryos ( Figure  2D ), a conclusion also reached when examining neurons ric-8 Is Required for Generation of Pulling Forces on Spindle Poles (Miller et al., 2000) . We observed the cytoplasmic and cortical distributions using a different RIC-8 antibody We next addressed why there is no robust posterior spindle displacement in ric-8(md1909ϩRNAi) embryos. (data not shown), as well as when examining GFP-RIC-8 distribution in fixed or live specimens ( Figure 2G ; SupWe first investigated whether this is due to defective A-P polarity. However, we found that the distribution of plemental Movie S3 on the Cell website). Moreover, we found that the distribution of RIC-8 is not altered in ric-A-P polarity markers, including PAR-3, PAR-1, and P granules, is not altered (Supplemental Figures S1A-S1C 8(md1909) or ric-8(md303) mutant embryos ( Figure 2D and data not shown), nor in goa-1/gpa-16(RNAi) or gpronline), indicating that RIC-8 acts downstream of, or in parallel to, polarity cues to mediate proper spindle posi-1/2(RNAi) embryos (Figures 2E and 2F ). Taken together, these observations indicate that the bulk of RIC-8 in tioning. Therefore, we investigated whether astral pulling dle poles persists, which likely explains the unequal cleavage observed in such embryos. Importantly, the forces are compromised in ric-8(md1909ϩRNAi) embryos. To this end, we performed laser microbeampeak velocities in goa-1(sa734) mutant or gpa-16(RNAi) embryos are significantly higher than those in ricmediated spindle severing experiments and analyzed the resulting spindle pole movements using timelapse 8(md1909ϩRNAi) embryos, which most resemble embryos lacking both goa-1 and gpa-16 function (Figure DIC microscopy. In wild-type embryos after spindle severing, the peak velocity of the anterior spindle pole is 1G; Supplemental Table S2 ; see also Colombo et al., 2003) . These findings suggest that ric-8 exerts its func-‫46.0ف‬ m/s, whereas that of the posterior spindle pole is ‫1ف‬ m/s ( Figure 1G ; Supplemental Table S2 and Suption through both G␣ subunits. plemental Movie S4; see also Grill et al., 2001 ). The posterior spindle pole also travels further and undergoes
RIC-8 Interacts with GOA-1 and GPA-16
We next investigated whether RIC-8 associates with more extensive oscillations. In ric-8(md1909ϩRNAi) embryos after spindle severing, we found that the anterior GOA-1 and GPA-16. Using a yeast two-hybrid assay, we found that RIC-8 interacts with both G␣ subunits and posterior spindle poles achieve a peak velocity of only ‫62.0ف‬ m/s and ‫72.0ف‬ m/s, respectively (Figure ( Figure 3A) . We confirmed these results using a GST pull-down assay (data not shown). To investigate the 1G; Supplemental Table S2 and Supplemental Movie S5). Furthermore, the spindle poles do not travel extenfunctional significance of these interactions, we addressed whether they are altered in ric-8(md303) and sively toward the cortex nor undergo transverse oscillations. We also found a reduction in peak velocities ric-8(md1909) mutants. The mutation in ric-8(md303) results in an amino acid substitution in a conserved resicompared to wild-type after spindle severing in ric-8(md1909), ric-8(md303), and ric-8(md303ϩRNAi) emdue (A275E), whereas that in ric-8(md1909) is due to a transposition insertion event ) that bryos, although to a lesser extent than in ric-8(md1909ϩ RNAi) embryos (Supplemental Table S2 Using the yeast two-hybrid assay, we found that the Table S2 ). However, an imbalance between the two spin- Figure 4D , we found this to be the case, with a 5-fold molar excess We examined the relationship between RIC-8 and GPR-1/2 in an effort to understand the mechanisms by which of RIC-8 providing a 3-fold acceleration. Overall, we conclude that, like its mammalian counterpart (Tall et a GEF and a GDI can both be required for G␣-dependent force generation. We first tested whether association of al., 2003), C. elegans RIC-8 is a GEF for G␣ subunits that accelerates the G protein nucleotide cycle in vitro.
GPR-1/2 with G␣·GDP is required for subsequent binding of RIC-8, which could then mediate nucleotide exGoLoco proteins typically exhibit GDI activity toward G␣ subunits (for review, see Willard et al., 2004) . Using change to generate G␣·GTP. If this were the case, then the interaction between GOA-1 and RIC-8 should no a fluorescence-based nucleotide exchange assay, we found that a peptide encompassing an extended GPRlonger occur when gpr-1/2 is inactivated. In contrast to this prediction, we found that GOA-1 coimmunoprecipi-1/2 GoLoco motif (amino acids 423-461) has potent GDI activity toward recombinant GOA-1 (IC 50 of 0.9 M) (Fig- tates RIC-8 in gpr-1/2(RNAi) embryonic extracts in a manner at least comparable to wild-type embryonic exure 4E). A previous report indicated that 100 M of a minimal GPR-1/2 peptide (amino acids 421-447) inhibits tracts ( Figure 5A ). Therefore, association of GPR-1/2 with GOA-1 is not necessary for binding of RIC-8 to nucleotide binding to 500 nM GOA-1 by 80% (Gotta et  al., 2003) . The fact that the minimal GPR-1/2 peptide is GOA-1. We next tested whether, conversely, association of orders of magnitude less potent than the extended one is not surprising in light of the structure of the RGS14 RIC-8 with G␣·GDP is required for subsequent binding of GPR-1/2. We raised antibodies against GPR-1/2 that GoLoco motif bound to G␣ i1 , in which residues up to 13 amino acids C-terminal to the enabled us to monitor the protein in immunoprecipitation experiments. These antibodies recognize a major GoLoco motif contact the helical domain of G␣.
interacts with GOA-1 in vivo, as GOA-1 antibodies immunoprecipitate GPR-1/2 in wild-type embryonic extracts ( Figure 3D) .
If association between RIC-8 and GOA-1 is necessary for subsequent binding of GPR-1/2 to GOA-1, then the latter interaction should no longer occur when ric-8 is inactivated. As shown in Figures 3E and 3F , coimmunoprecipitation experiments using GOA-1 antibodies revealed that the interaction between GOA-1 and GPR-1/2 is indeed significantly diminished in ric-8(md303) or ric-8(md1909) embryonic extracts (‫-03ف‬fold less than wildtype; Supplemental Table S3 ). Therefore, association of RIC-8 with GOA-1 appears to be necessary for efficient binding of GPR-1/2 to GOA-1, suggesting that RIC-8 acts prior to GPR-1/2 in the G␣ activation cycle. Interestingly, RIC-8 antibodies also coimmunoprecipitate some GPR-1/2, suggesting that the two molecules may be part of the same complex in vivo ( Figure 3D) .
To test the consequence of GPR-1/2 on the GEF activity of RIC-8, we conducted GTP␥S binding assays in the presence of both RIC-8 and the extended GPR-1/2 GoLoco peptide. We observed that RIC-8 GEF activity is inhibited by the GPR-1/2 GoLoco motif in a dosedependent manner ( Figure 4F) . Therefore, the rate of nucleotide exchange catalyzed by RIC-8 in vivo on G␣·GDP complexed with GPR-1/2 is expected to be much diminished compared to the rate of exchange on free G␣·GDP.
Inactivation of G␤␥ Alleviates the Requirement for RIC-8 in Asymmetric Cell Division
Our findings that RIC-8 acts prior to GPR-1/2 raised the possibility that RIC-8 activates G␣-dependent force generation by supporting stable levels of G␣ free from the heterotrimer. In this scenario, inactivation of G␤␥ might enable GOA-1 to interact with GPR-1/2 even in the absence of RIC-8. In keeping with this prediction, we found that GOA-1 antibodies coimmunoprecipitate GPR-1/2, similar to wild-type levels, in embryonic extracts from ric-8(md1909) animals that are also depleted ( Figure 6D ; Supplemental Movie S9), as well as exaggersential for G␣ activity even when G␤␥ is inactivated, inactivation of G␤␥ alleviates the requirement for RIC-8 ated oscillations which correlate with a larger than normal net force pulling on spindle poles ( Figure 1G ; Supduring asymmetric division of C. elegans embryos. plemental Table S2 ). We found this to be the case also in ric-8(md1909ϩRNAi) gpb-1(RNAi) embryos (SuppleDiscussion mental Table S2 We then tested whether cortical GPR-1/2 distribution rat Ric-8A exhibits GEF activity toward several G␣ subunits in vitro (Tall et al., 2003) . However, in vivo subin ric-8(md1909) mutant embryos is affected by gpb-1 inactivation. We first observed that levels of cortical strates for RIC-8 family members had not been identified prior to this work. Several lines of evidence indicate that GPR-1/2 are diminished in ric-8(md1909) mutant embryos compared to wild-type ( Figures 5C and 5D, arrow) .
GOA 3 and 4C) . Importantly, we found in addition as well as in vivo. Third, RIC-8 is a GEF for GOA-1. Interestingly, we found that the bulk of RIC-8 is cytothat cortical GPR-1/2 is restored to wild-type levels in ric-8(md1909) gpb-1(RNAi) embryos ( Figure 5E ). These plasmic in one-cell stage embryos, with only trace amounts at the cell cortex, where GOA-1 is significantly findings are in agreement with the immunoprecipitation experiments and establish that, whereas GPR-1/2 is esenriched. This raises the possibility that most of the G␣·GTP may occur without a requirement for GEF activity under these circumstances. Our findings establish that association of RIC-8 with GOA-1 is required for efficient binding of GPR-1/2 to Alternative models can also be considered. For instance, RIC-8, G␣, and GPR-1/2 may form a tripartite GOA-1, indicating that RIC-8 acts before GPR-1/2 in the sequence of events leading to G␣ activation. It may be complex, a possibility compatible with our finding that RIC-8 antibodies coimmunoprecipitate GPR-1/2 from that RIC-8 itself, much like an activated GPCR, can free G␣·GDP from G␤␥; this would require the C. elegans embryonic extracts. More generally, it is important to protein to differ from rat Ric-8A in its ability to act on consider that current models are based on an analysis heterotrimer-complexed G␣·GDP ( in parallel using timelapse DIC microscopy to verify the presence 8(RNAi) in ric-8(md1909), L4 larvae were kept 12 hr at 20ЊC and then of the phenotype. For gpb-1(RNAi), we also immunostained embryos 12-14 hr at 25ЊC, which resulted in a more potent one-cell stage using GPB-1 antibodies (Zwaal et al., 1996) to ensure that substantial phenotype for spindle severing experiments. When gpb-1(RNAi) was reduction of GBP-1 had been achieved (data not shown). combined with ric-8(RNAi) in ric-8(md1909), animals were fed 44-51
To perform immunoprecipitations, frozen embryo pellets were hr at 20ЊC to ensure optimal inactivation of both gpb-1 and ric-8. ground using a mortar and pestle. About 1 ml of embryonic powder Timelapse DIC microscopy (1 image every 5 s) or timelapse dual was obtained from each experiment. An equal volume of lysis buffer DIC and fluorescent microscopy (1 image every 10 s) were perwas added and the resulting solution subjected to two pulses of formed essentially as described (Brauchle et al., 2003) . sonication at minimum duty cycle using a microtip (Branson Sonifier Spindle severing experiments were performed as described (Grill 250) , yielding 2-4 mg of protein per ml. At least 0.5 mg of embryonic et al., 2001), except that a Leica LMD microscope equipped with a extract was used for each immunoprecipitation experiment. After pulsed N2 laser ( ϭ 337nM) was utilized. Subsequent tracking of centrifugation in a microfuge at 13K for 15 min at 4ЊC, the extract spindle poles by timelapse DIC microscopy (1 image every 0.5 s) was incubated with either ‫7ف‬ g of anti-RIC-8, 2 g of anti-GPR, and measurements of average peak velocities were essentially as or 2.5 g of anti-GOA-1 antibodies for 3 hr at 4ЊC on a rotator. Fifteen described (Grill et al., 2001) . 
